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Self-Reciprocity Calibration of Electroacoustic Transducers*

7 EDWIN L. CARSTEXSEN

USN-llndenater Sound Reference Laboratory, Orlando, Flotda
(Received August 12, 1947)

-> By an extension of the reciprocity principle for the absolute measurement of sound, it is
demonstrated that a calibration may be obtained on a single transducer without the aid of
auxiliary transducers. Measurements using the technique are described and shown to give
satisfactory agreement with conventional calibrations. .

Tr has been shown' that the receiving and required: a projector, a reversible transducer, and
transmitting responses of linear, passive, re- a hydrophone. Thus although the technique is at

versible electroacoustic transducers are related present widely used for absolute calibrations, be-
by a parameter which is independent of the cause of its complexity, it is ordinarily employed

geometry or construction of the transducer. This only to obtain calibrations on primary standards
parameter can easily be computed from the which can in turn be used for comparison
following relationship: calibrations.

This paper discusses an application of the reci-
=J=- .10- procity relationship, by which it is possible to

so R make absolute measurements of sound pressures

where: using a single transducer in the sound field of its
image with a single set of voltage measurements.
From the nature of the calibration this method

M o=the microphone response in open circuit has been called "Self-Reciprocity."
volts per dyne per cm 2

So = the speaker response in dynes per cm2 at a 1. METHOD
distance D centimeters per ampere input
current The transducer is located relative to a reflector

X=wave-length in centimeters as shown in Fig. 1. A short pulse of sinusoidal
R=characteristic acoustic resistance of the current !, is applied to the transducer, which

mediuni in g/cm3 /sec. generates a corresponding pulse of acoustic

Using a method suggested by MacLean,' energy. This pulse strikes a perfect reflector at a

The Underwater Sound Reference Laboratories, distance d centimeters from the transducer face
during the recent war, pioneered in the applica- anI upon rettrning excites in the transducer an
tion of this basic principle to the absolute calibra- open circuit voltage n.
tion of standard transducers. Calibrations made By using the following deflnitiois of hydro-
by this method were shown to agree satisfactorily phone and projector response

with methods previously recognized as valid in M= E/Pm, where p. is the free-field acoustic
the acoustic field, pressure in the reflected signal at

For a single absolute measurement three sets of the face of the transducer,
voltage measurements and three transducers are and

* Submitted as a thesis to Case Institute of Technology, SO= P/I,, where P, is the acoustic pressure at
Cleveland, Ohio, in pat tial fulfillment of the requirements 100 centimeters from the projector
for the degree of Master of Science in Physics.

Walter Schottkey, "Das Gesetz desTiefetnpfangs in der diaphragm,
Akustik und Electroakustik" Zets. f. Physik 36, 689-736
(1926); W. R. MacLean "Absolute measurement of sound
without a primary standard," J. Acous. Soc. Am. 12, 140- 2 The measurements under discussion were nade in the
146 (1940); L. 1. Foldy and II. Primakoff "A general field of underwater sound. The method, however, is general,
theory of passive linear electroaccustic transducers and the and for application to air acoustics the words loudspeaker
electroacoustic reciprocity theorem," J. Acous. Soc. Am. and microphone may be substituted for projector and
17, 109-120 (1945) and 19, 50-53 (1947). hydrophone, respectively.
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impedance receiving systemn. he amplified signal
is then displayed onl a cathode-ray oscilloscope
screen. [h eni circuit voltage Em call be deC-
terinined from a calibration of the rceiving
system which inludes thle coupling loss of thle
transducer circuit. T[his is obtained by observing
the C.R.O. dleflectionl wheni a known voltage is
generated inl series with the transdlucer. The cur--

d rent is measured by dletermining tli voltage
-across a sinall known resistor inserted inl series

with the transdlucer. It is possible for both the
receiving system calibration and the current
mleasulremlenit to Ibe made onl continuous wave.

R(FLGOIThe sensitivity of the measuring system is a
function of thle impedance ratio of thle coupling

transformer mentioned above. A~ssuming a conl-
in thle reciprocity relationlship), stait. outp~ut imlpedance from thle driver, it is

shown below that the maximum over-all sensi-

- - , (.1) tivitv of the System is obtained whenl thle Output

we find (o1 mpean) of thle tranisformer R,) is three times

EIJIthat of the transducer. Figure 3 shows that the

If we choose a dlistance d inl Fig. I large inl coi- o -4

parisonl with le dimenlsions of thle transducer, weI C
call assume a spherical w~ave and obtain a IT- .miPO

LIMITER
lat ionship between thle pressures P, and P,

SICO.Up

P),. Iot)RASORE

P3 2d BAND PASS

LFILICR

Combining (1-1), (1-2), and (1-3) we hv

110 (1j TRANSMITTER Low P~CO

4 0MOOW...TOR LIMITER

(E . d P FIC R (OPTIONAL) LO' 0 IGN PA

II.~~14 LEVREELL ETU

Figure 2 shows the arrangement of equipment CAIN BAN

uised inl the measurements. A millisecond pulse of A.
electrical energy fr-om the dIriver is supplied to the I
transdlucer thrtough a couplinlg transformer. A
p~ulse repetition rate is selected which is suffi-
ciently low that all reflections and reverberations FIt

will have been dissipated at the time of arrival of ~f
thle following puIlse. The voltage Caused by the
reflected signal is measured by a high input Fic;. 2. Block diagrami of equipment.
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Thus for E, a maximumlil
lolviaI ING C.A.0va

[J'~~R =vc J3R,. (2-5)

F OGH INPUT IMPC 44CC In certinl of thle mleasur-emenlts thle output
stage of the driver was keyed directly. Inl this
case, thle output impedance of the driver Changedl
fromi a low impedance while driving to aI rela-
tively high impedance when thle driver tubes

ft were cut off. Thbis was a p~articularly valuable

feature inl these measurements b~ecause the out-
?RNOp~tjut impedance cudbe mthdto tile tranis-

dlucer to give high curcent during the trals-

im. .3. Coupling b~etween driver and transdlucer. mlit ting p~ulse, but would then, Onl cuit-off, Change
to a high impedance andl thus give a smaller

Onl receiving. llTus the voltage Ej? measured by a coup~ling loss for thle received Signal.
highl input inmpedance receiving systeili is: T[he primlary practical problem wvas to obtain

anl electronic measuring system which would be

El = E . (291) senisitive enlough to mleasu're accurately thle volt-
'~± & - age E. andI yet remain uniaffected by thle appli-IFrom 1-. (1-3) cation of thle large driving voltage. These voltages
j1,102May differ inl magnitutde by more than 100 d11 for

E., =-1., (2-2) many transdlucers. I n thle work carried ouitat this
2dJ laboratory, thle nIlost dlirect and effective methlodj and
E for protecting the receiving system from the

I, = .shock dof the transmitting signal was found to be
Ro+ R1  in limiting thle received voltage so that niocelment

I-or simplicity as.,ume all imp~edance to be o h ytmctlIb vrodd
resistiv'e. 'lhis was accomuplishedl by inserting diode

4 The output impedance Ro of thle Coup~ling limiters (see Fig. 4) before the inputs to certain

transformer canl be varied bjy changing the rado ac'tive elemen ts. A flexible and stable sy'stel a

of Ro to R1j, the constant oti i~t -i.pedance of thle a~ihieved by lpartial limiting at strategic locations
d triver. T1hus Eo, the equiva tent tv erator volt age bextveu Stages of gaul such that Iv( g'rid received

at te oul~u of he ransorme, m l~t I- a voltage greater t han its negative b~ias. Tlhese

-*p*ressed b limiters were usedl inl various wvays to increase
1w their limiting effectiveness. Because of the inl-

* andi temnal resistance of the dliodle, it was necessary

kR~t 9~) t hat they be usedi inl high impedance Cii-cuits.
Ro+ R, ven 'with limiting, which Completely p~re-

v'entedl overloading, i.e., dIriving grids positive.
Comb~ining (2-1), (2-2), atnd (2-3) "Id I lumIping1 there were low frequencN transients caused by

constanit I eiiii5 thle shift inl Operating poinit of various tubes along

E=K---.(2-4) ___

TPo determine thle value of Ro for which E, is a -- 16mfloft

ii ax on ii m , Ilie fi inst deriva t ive with resp et to ,

of Fd1 . (2-4) is set equal to zero. ecstiltii illn 15V

2R T -T
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Standard Reciprocity 3/28/47
Self-Reciprocity 4/22/47

S-o _____________ FIG -- t. 5. eceiving response,
613-35 transducer.

o 10 04go s 10IFREQUEN.CY IN! KILOCYCLCS PER SECOND

the amplification pathi.These low frequenicy -orni- Underwater Sound Reference Laboratory. The
poflcnts were filtered out. The Q of thle filters transducer was located at a depth of 250 centi-
used, however, was sufficiently low that thle Shape meters at at distance of 2 mecters from a vertical
of the pulse was unaffected. Figure 2 showvs the reflector. The reflector consisted of a 4'X4'X]4"
p)ulse formn as ohtserved at various points ini the air baffle. It has been shown by theory and ex-
circuit which amp~lifiedl, limited, and filtered the perimient that thle reflection coefficient of this
received signals. Thus InI the final signal presenited baffle canl be considleredl unity for the puirposes of
onl the C.R.O. there appears a limited trans- these tests.
mulitted pulse followed by thle amplified reflectionl So long as the baffle is large, thle (1e1)th of the
pulse which in turn is followed by other multiple transducer is not critical. From the geometry of
reflect~omis. the p)hy'sical arrangement we see also that the

4 The minimium measurable voltage for thle sys- orientat ion of the bafllc is not -vitical so long as
teni was of the order of magnitude of - 90 (lb vs. it is possible to draw a normal to it from the
I volt. transdttcer. The angle of maximumiii response of

177. ACOUSTIC MEASUREMENTS the transdtic,!r canl he selveted by rotating the
transducer phy'sically and observii;'- the reflected

The acoustic measurements were madle using p~ulse onl thle C.R.O. Note here that thle (lirec-
the open water calibr-ation facilities of the tional characteristic of the dlevice is dloubled in

this orientation procedutre.
Standard Reciprocity 3/ 3144? Measurements w~ere made onl three typical
Self- Reciprocity 4/23/47 --- -aeuel iciaoaova

standlard sound sources and Ihvdirophles: IT
I Types 613 and 5A\ crystal, pistonl sources, and at

- - -0 CAHK 51095 magnetostriction line source.
Thel( resuilts of thle self-reciprocity calibrations

- --- ~ ae shown in Figs. 5-7 along with calibrations
- ..-.-- inlate by con11vent ional complarison or- reciprocity

techniques. Tlhe agreement between seif-reci-
-'II.-- procity calibrations and conventional calibrations

is within experimental error.

~ innIV. *LIMITATIONS AND APPLICATIONS

Thle S ,lf-reCiprocity method of calibration
Fi( 0. Ct. eiviitg iebpoise, ('A FK- 102 timi mijdiei ( cU :rmcs with it ,Ill tie limnit at ions (of In llsimmg. Thlv
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Stondord Reciprocity 3/28/47s-...
-so Self- Reciprocity 4/23/47' _

FIG. 7. Receiving response, *
5A-8 transducer. _ -1o0

o
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w [ __________ _______ - - franticrm r capacitance
o is 40 60 so 1 00 ISO

FRElQUENCY IN XILOCYCL!.$ PE[R 5100110

pulse length must be sufficiently short that tile reflected signal, the tank size is effectively
received pu'e can be separated in time from the greater with the self-reciprocity technique than
transmitted pulse or echos from undesirable re- by standard two-transducer techniques.
flecting surfaces. Yet the pulse must contain a In free-field calibrations, self-reciprocity will be
few cycles of the sigrA frequency. Thus measure of advantage primarily because of its simplicity.
ments using cor.veniently short separation be- The time required for absolute measurements by
tween transducer and baffle are limited to self-reciprocity compares favorably with that
frequencies above approximately 5 kilocycles per required for a comparison calibration.
second. The method also carries with it all the Another possibility for the self-reciprocity
advantages of pulsing in calibration work: i.e., technique presents itself upon inspection of
elimination of the effect of cross-talk, standing Eq. (1-4). It will be observed in this equation
waves, and other reflections. 'hat d and J are constants. It would presumably

The method will be particularly valuable in be possible to develop a recording-receiving sys-
testing under hydirostatic pressure in tanks. With tem which would have uniformly constant gain
present methods, because of the rigging diffi- at all frequencies and also to develop a (triver

ulties associated with standard reciprocity, it is which would supply a constant current regardless
highly impractical to determine the absolute

behavior of a single transducer with varying of tranisducer impiedance. Under these conditionsbehaiorof sigletrasduer ithvaring thle recording of thleresponse Em would be directly
hydrostatic pressures. Since two transducers are
always involved, only the combined response of proportional to the square of tie receiving

the two transducers can be measured as the sensitivity of a transducer. Thus it would be
pressure changes. However, in self-reciprocity, fundamentally very simple to devise a system
since only a single transducer is involved, ab3o- which would give a direct plot of transducer re-

lute measurements can be made on that trans- s,onseciminating the need for processing of the
ducer under pressure as simply as in the free field. data.

One of the principal problems in small tanks is ACKNOWLEDGMENT
the limitation resulting from the side reflections.
The separation required bet\\een transducer and The author is indebted to Mr. Albert J. 'S"aul.

baffle in self-reciprocity for a given spherical N ,,ve of the Naval Research Laboratory, %% ho bug- logf

correction is ordinarily one-half that required gested the basic idea of Self-Reciprot ity to the '11
between two transducers. Consequently from the Underwater Sound. Referent, Laloratot . iti 0
standpoint of the time margin between dire-t and March 1946.
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